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Abstract: Although the enhancement of anammox performance for wastewater 20 
treatment due to the addition of small amount of acetate has been reported, discrepant 21 
metabolic responses of different anammox species have not been experimentally 22 
evaluated. Based on metagenomics and metatranscriptomic data, we investigated the 23 
competitiveness between two typical anammox species, Candidatus Jettenia caeni (J. 24 
caeni) and Candidatus Brocadia sinica (B. sinica), in anammox consortia under 25 
mixotrophic condition, where complex metabolic interactions among anammox 26 
bacteria and heterotrophs also changed with acetate addition. Contrary to J. caeni, the 27 
dissimilatory nitrate reduction to ammonium pathway of B. sinica was markedly 28 
stimulated for improving nitrogen removal. More acetate metabolic pathways and 29 
up-regulated AMP-acs expression for acetyl-CoA synthesis in B. sinica contributed to 30 
its superiority in acetate utilization. Interestingly, cross-feedings, including the 31 
nitrogen cycle, amino acid cross-feeding and B-vitamin metabolic exchange between 32 
B. sinica and other heterotrophs seemed to be enhanced with acetate addition, 33 
contributing to a reduction in metabolic energy cost to the whole community. Our 34 
work not only clarified the mechanism underlying discrepant responses of different 35 
anammox species to acetate, but also suggests a possible strategy for obtaining higher 36 
nitrogen removal rates in wastewater treatment under low C/N ratio.  37 




1. Introduction 40 
  Depending on nutritional conditions, microorganisms may grow autotrophically, 41 
heterotrophically or mixotrophically (Smith et al., 1980). The growth rate and activity, 42 
as well as metabolic function, of microorganisms may vary with nutrient conditions. 43 
Generally, heterotrophs and mixotrophs grow at higher rates than autotrophs, as they 44 
are able to obtain more energy from organic substrates due to differences in 45 
metabolism (Kim et al., 2013). More importantly, intracellular metabolic pathways, as 46 
well as activities and gene functional potential, could be dissimilar even among 47 
different species within the same genus. Analysis based on comparative genomics 48 
have indicated that closely related strains may exhibit metabolic divergence due to 49 
genomic discrepancies (Bombar et al., 2014). 50 
  Wastewater is a complex mixture consisting of a wide range of organic matter, 51 
which inevitably affects the metabolic state of microorganisms in sludge during the 52 
treatment process (Le and Stuckey, 2016). Anaerobic ammonia oxidation (anammox), 53 
which is regarded as an energy-efficient process for wastewater treatment, has drawn 54 
a lot of attention recently (Kartal et al., 2010). Anammox bacteria are able to use, not 55 
only inorganic carbon sources, but also organic matter such as acetate and propionate 56 
for reducing inorganic nitrates/nitrate ions (NO3
-
) to ammonium cations (NH4
+
) via 57 
the dissimilatory nitrate reduction to ammonium (DNRA) pathway (Guven et al., 58 
2005; Kartal et al., 2007a, 2007b; Van De Vossenberg et al., 2008). According to 59 
previous studies, organics may have an effect on the performance of the anammox 60 
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reactor (Tang et al., 2014) as well as on the functional gene expression profile (Shu et 61 
al., 2015) and the microbial community structure (Leal et al., 2016). Responses of 62 
different anammox species to organics seem to be distinct. For example, it was 63 
reported that Candidatus Jettenia asiatica (J. aiatica) showed no superiority in 64 
growth under mixotrophic conditions compared to autotrophs (Huang et al., 2014), 65 
while other study found that the biomass of Candidatus Brocadia fulgida (B. fulgida) 66 
showed an increase under certain C/N ratios (Jenni et al., 2014). However, the process 67 
by which, organics affect the gene functional potential of different anammox species 68 
still remains unclear (Shu et al., 2015). As anammox bacteria grow extremely slowly, 69 
it may be meaningful to investigate the mixotrophic metabolism of anammox bacteria 70 
further, as they may be acquiring extra energy from organic matter in order to grow 71 
faster and thus shorten the reactor start-up period (Kartal et al., 2012).  72 
  Nutrient sources also affect metabolic interactions of the microbiome. Metabolic 73 
interactions are ubiquitous in microbial communities, especially in microscale cell 74 
aggregates, which play an important role in the functioning of microbial communities 75 
(Cordero and Datta, 2016). From an ecological aspect, metabolic interactions may 76 
help to maintain a stable coexistence between bacteria as a strategy to decrease the 77 
energy consumption of the community (Guo et al., 2018; Pande et al., 2014). The 78 
emergence and maintenance of metabolic interactions depends on many factors, such 79 
as nutrient sources (Benomar et al., 2015) and spatial organization (Jiang et al., 2018). 80 
Variation in nutrient conditions may influence gene transcription and thereby impact 81 
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metabolic interaction (Steffen et al., 2014). With the rapid development of meta-omics 82 
technology, the subject of metabolic interactions in microbial communities has drawn 83 
wide attention and turned into an important topic (Ponomarova and Patil, 2015). Pure 84 
anammox culture is extremely hard to obtain (Kuenen, 2008), and many heterotrophs, 85 
such as Chloroflexi and Chlorobi, are abundant in these communities (Speth et al., 86 
2016). Recently, metabolic interactions which could perform energy-efficient nitrogen 87 
removal from wastewater, such as degradation of extracellular peptide substrates of 88 
anammox bacteria by heterotrophs and nitrogen and metabolite cross-feeding between 89 
anammox bacteria and heterotrophs, have been found in anammox consortia (Lawson 90 
et al., 2017). Cross-feeding is a kind of microbial interaction, in which metabolites 91 
could be shared by both the producer and the receiver, thus they can benefit from this 92 
process (Zhao et al., 2018). An investigative study of the mechanism underlying 93 
metabolic interactions in microbial communities may broaden our insight in regard to 94 
the composition and assembly of these communities (Zengler and Zaramela, 2018). 95 
However, the process by which organics influence interactions between anammox 96 
bacteria and heterotrophs in the consortia still remain unresolved. 97 
  We investigated competition between two typical anammox species, J. caeni and B. 98 
sinica, under autotrophic condition and mixotrophic condition with acetate addition 99 
based on batch tests. This phenotype was mapped to the underlying microbiome and 100 
further determined by sampling and analyzing autotrophic and mixotrophic anammox 101 
consortia. We characterized the gene functional potential, as well as the metabolic 102 
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network, using levels of anammox species in the anammox community, in order to 103 
explore the hypothesis that different anammox species have discrepant responses to 104 
acetate addition. As well, potential mechanisms associated with individual anammox 105 
species and their metabolic interactions in the consortia were analyzed. Our study 106 
provides a novel, detailed insight into mixotrophic metabolism of anammox bacteria, 107 
and suggests the possibility of predicting an increase in anammox performance under 108 
low C/N ratio. 109 
2. Materials and methods  110 
2.1 Sample collection 111 
  The anammox consortia used in this study was collected from a 3 L lab-scale 112 
sequencing batch reactor (SBR), which had been in operation at 37℃ for 280 days 113 
(Tang et al., 2018a). It was fed with a synthetic medium solution (Van de Graaf et al., 114 




-N in the influent were 300 mg L
-1
. 115 
The hydraulic retention time (HRT) was 0.75 d. The pH was maintained at 6.8–7.5, 116 
and dissolved oxygen was removed by sparging with N2-CO2 (95/5%) gas. The batch 117 
tests were performed in six 250 mL serum bottles with the effective volume of 200 118 
mL, each containing 0.315 g volatile suspended solids (VSS)/L anammox consortia 119 
inoculum mentioned above. By referring to the previous study about heterotrophic 120 





-N in synthetic medium solution were set at a ratio of 1:1 with the 122 
concentrations of 50 mg L
-1
. No sodium acetate was added (COD/TN=0) to the three 123 
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serum bottles of the control group (autotrophic group), while acetate was added to the 124 
three serum bottles of the experiment group (mixotrophic group), to maintain a final 125 
COD/TN ratio of 0.3 as per a previous study (Feng et al., 2018). The pH of the 126 
medium was adjusted to 7.2 by adding 0.1 M NaOH solution (Carvajal-Arroyo et al., 127 
2014). Although the pH was not controlled, it was within a constant range of 7.2-7.5 128 
during the experiment. After being sprayed with a gas mixture of N2-CO2 (95/5%) in 129 
order to maintain strict anaerobic conditions, all serum bottles were incubated at 37 ℃ 130 
and agitated at 150 rpm in the dark. 1 mL supernatant sample from each bottle were 131 







and COD, which was done for five times during the experiment. At the point where 133 
the nitrate concentration between control and experiment group had statistical 134 
difference (p < 0.05 by t-test) and the difference of average nitrate concentration of 135 
control and experiment group was more than 10% (Kartal et al., 2007a), both 136 
autotrophic and mixotrophic anammox consortia were collected from each serum 137 
bottle and transferred into RNase-free tubes. After being rapidly frozen in liquid 138 
nitrogen, consortia samples were stored at -80 ℃ for subsequent metagenomic, 139 
metatranscriptomic, and metabolomic analyses, which could be applied to explore 140 
microbial gene functional potential and cross-feedings (Bahram et al., 2018; Lawson 141 
et al., 2017). 142 
2.2 Metagenome and metatranscriptome sequencing 143 
  Autotrophic anammox consortia samples and mixotrophic anammox consortia 144 
8 
 
samples collected in triplicate from each bottle in batch tests were used for total DNA 145 
extraction with the FastDNA Spin Kit for Soil (MP Biotechnology, CA, U.S.). DNA 146 
concentration and purity was determined using TBS-380 and NanoDrop2000, 147 
respectively. 1% agarose gels electrophoresis system was used to examine DNA 148 
quality. Respective triplicate autotrophic and mixotrophic anammox consortia DNA 149 
samples were mixed thoroughly for metagenome sequencing (Jia et al., 2018). Total 150 
RNA was extracted from triplicate autotrophic and mixotrophic anammox consortia 151 
samples from batch tests using the E.Z.N.A® Soil RNA Midi Kit (Omega BioTek, 152 
Norcross, GA, U.S.) according to manufacturer’s protocols. RNA quality was 153 
assessed with a RNA6000 Nano chip (total RNA) in an Agilent 2100 Bioanalyzer and 154 
was determined by the RNA integrity number (RIN). Respective triplicate autotrophic 155 
and mixotrophic anammox consortia RNA samples were used for metatranscriptome 156 
sequencing.  157 
  To construct paired-end library, DNA was fragmented to an average size of ~300 bp 158 
with Covaris M220 (Gene Company Limited, China). Paired-end library was prepared 159 
with TruSeqTM DNA Sample Prep Kit (Illumina, San Diego, CA, USA). Adapters 160 
containing the full complement of sequencing primer hybridization sites were ligated 161 
to the blunt-end fragments. Paired-end sequencing was accomplished on Illumina 162 
HiSeq4000 platform (Illumina Inc., San Diego, CA, USA) at Majorbio Bio-Pharm 163 
Technology Co., Ltd. (Shanghai, China) with HiSeq 3000/4000 PE Cluster Kit and 164 
HiSeq 3000/4000 SBS Kits. 165 
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  Total RNAs of consortia samples was subjected to an rRNA removal procedure 166 
with the Ribo-zero Magnetic kit according to the manufacturer’s instruction 167 
(Epicentre, an Illumina® company). cDNA libraries were constructed with TruSeq™ 168 
RNA sample prep kit (Illumina). The barcoded libraries were paired end sequenced on 169 
the Illumina Hiseq 3000 platform at Majorbio Bio-Pharm Technology Co., Ltd. 170 
(Shanghai, China) with HiSeq 4000 PE Cluster Kit and HiSeq 4000 SBS Kits 171 
according to the manufacturer’s instructions (www.illumina.com). Finally, raw 172 
metagenomics and metatranscriptomics datasets were deposited in the NCBI 173 
Sequence Read Archive database, and accession numbers were listed in Table S1. 174 
2.3 Metagenomic assembly and binning 175 
  First, raw metagenomic reads were trimmed by stripping adaptor sequences and 176 
ambiguous nucleotides with SeqPrep version 1.1 based on default parameters 177 
(Prensner et al., 2011). The trimmed sequences were quality filtered with Sickle 178 
version 1.33 based on a minimum quality score of 20 and a minimum sequence length 179 
of 50 bp (Wu et al., 2016). Next, contigs and scaffolds were assembled individually 180 
for each sample via IDBA-UD with default parameters (Peng et al., 2012). Generated 181 
scaffolds were binned into draft genomes based on abundance and the tetranucleotide 182 
frequency using the MetaBAT version 0.32.5 with the sensitive model and a minimum 183 
contig size of 1500 bp (Kang et al., 2015). CheckM version 1.0.7 was employed to 184 
assess the completeness and the quality of recovered draft genomes through 185 
single-copy marker genes, which are specific within a phylogenetic lineage (Parks et 186 
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al., 2015). Draft genomes were deposited in GenBank, and accession numbers were 187 
listed in Table S2. 188 
2.4 Phylogenetic analysis of recovered draft genomes 189 
  Phylosift version 1.0.1 was used to construct the phylogenetic tree (Darling et al., 190 
2014). Marker genes of 37 reference genomes were selected. The concatenated 191 
protein alignments of the recovered draft genomes and reference genomes were 192 
aligned with MAFFT version 7.310 (Katoh et al., 2002) and concatenated again, using 193 
homemade scripts. Finally, a maximum likelihood phylogenetic tree was conducted 194 
using the RAxML version 8.2.11 (Stamatakis et al., 2008). Molecular Evolutionary 195 
Genetics Analysis (MEGA) software version 7.0 were used to visualize the 196 
phylogenetic tree (Kumar et al., 2016). 197 
2.5 Metagenomic and metatranscriptomic analysis 198 
  First, raw metagenome reads of each sample were mapped to all contigs which 199 
were assembled into high-quality draft genomes (completeness ≥ 70% and 200 
contamination ≤ 10%) with the bbmap version 37.75 (minid = 0.95 and ambig = 201 
random). Then, the coverage of each bin was calculated by adding the reads which 202 
were mapped to the contigs of each bin and normalized by genome size. 203 
  The open reading frames (ORFs) of each recovered draft genome were annotated 204 
through Prodigal version 2.6.3 with the ‘meta’ option for metagenomes, where the 205 
minimum nucleotide length was set as 60 (Hyatt et al., 2010). ORFs were then 206 
queried against the carbohydrate-active enzymes database (CAZy, accessed on July 207 
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2016), the eggNOG database (accessed on December 2016) and Kyoto Encyclopedia 208 
of Genes and Genomes pathway database (KEGG, accessed on August 2017) with 209 
DIAMOND software, where the blast e value was set as 1e-5 (Buchfink et al., 2014). 210 
OrthoANI software was employed to calculate average nucleotide identity (Lee et al., 211 
2016). Genome comparison was visualized via BLAST Ring Image Generator (BRIG) 212 
(Alikhan et al., 2011) and Easyfig software (Sullivan et al., 2011).  213 
  The raw metatranscriptomic reads were trimmed and quality filtered with the 214 
SeqPrep and Sickle software respectively. rRNA reads were removed through 215 
SortMeRNA version 2.0 (Kopylova et al., 2012) aligning to the SILVA 128 version 216 
database (accessed on February 2017). Non-rRNA reads were mapped to all contigs 217 
which were assembled into high-quality draft genomes with bbmap software. Read 218 
counts of each gene were calculated using htseq-count v0.9.1 with the ‘intersection 219 
strict’ parameter (Anders et al., 2015) and normalized as transcripts per million (TPM) 220 
values (Wagner et al., 2012). The relative gene expression and pathway expression 221 
were calculated by relativizing the median TPM across the draft genome, and by the 222 
median TPM value of each reaction in the pathway, respectively. 223 
2.6 LC-MS-based metabolomic profiling and quantitation analysis 224 
  Metabolic products were extracted from the anammox consortia samples in 225 
autotrophic and mixotrophic groups. The protocols used to extract metabolic products 226 
were conducted according to those described previously (Guo et al., 2017; Tang et al., 227 
2018b). In brief, anammox consortia suspension was collected by centrifugation, 228 
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washed using Phosphate buffer saline (PBS), and sonicated using a sonicator. Then, 229 
previously cooled methanol was added to the mixture, and the precipitated protein 230 
was removed by centrifugation. The supernatants were dried in a nitrogen gas stream. 231 
The residues were used to determine metabolite contents via LC-MS-based 232 
metabolomic analysis. All tests were conducted in quadruplicate. 233 
3. Results 234 
3.1 Higher nitrogen removal rate with acetate addition 235 
  In order to investigate the effect of acetate on the nitrogen removal rate of 236 
anammox consortia, batch tests were conducted. Based on nitrogen and chemical 237 
oxygen demand (COD) consumption (Fig. 1), 155 min was selected as the sludge 238 
sample collection point, for NO3
-
-N concentrations in mixotrophic groups were 239 
significantly (p < 0.05 by t-test) and 40% lower than autotrophic groups at this point, 240 
which enabled the determination of discrepant expression genes and metabolic 241 
pathways of autotrophic and mixotrophic anammox consortia. 242 
  At 155 min, average NH4
+
-N removal rates were 311.5 ± 15.7 and 284.0 ± 7.2 mg 243 
N/(L•d), and the average NO2
-
-N removal rates were 384.0 ± 41.9 and 359.2 ± 14.2 244 
mg N/(L•d) in autotrophic group and mixotrophic group, respectively. Importantly, 245 
the average NO3
-
-N accumulation rate in the mixotrophic group was 31.0 ± 19.0 mg 246 
N/(L•d), which was significantly lower than that in the autotrophic group (70.9 ± 8.0 247 




-N ratio in the mixotrophic 248 
group (0.11 ± 0.06) was significantly lower compared to that of the autotrophic group 249 
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(0.23 ± 0.03) (p < 0.05). In mixotrophic group, a 59.0 ± 3.7 % COD was degraded by 250 
anammox consortia with a rate of 245.9 ± 12.4 mg/(L•d) until this point (Fig. 1(d)). 251 
3.2 Draft genomes obtained by metagenomic binning 252 
  Sequencing of DNA extracted from autotrophic and mixotrophic anammox 253 
consortia yielded a total of 35,270,644 and 47,527,352 raw reads and 30,542,924 and 254 
44,096,156 clean reads, respectively, after quality control. Next, the clean reads were 255 
assembled, and 124,673 and 152,645 contigs were generated with N50 of 2,215 bp 256 
and 2,391 bp. More than 85% of the quality filtered mRNA reads could be mapped to 257 
the assembly. After binning, 14 high-quality draft genomes (completeness ≥ 70%; 258 
contamination ≤ 10%) were obtained (Table 1) (Parks et al., 2015), making up 259 
64-69% of the original sequencing reads. A phylogenetic tree of recovered draft 260 
genomes is shown (Fig. 2). Bacteria in the anammox community mainly belonged to 261 
the phyla Planctomycetes, Chloroflexi, Proteobacteria and Cyanobacteria, while an 262 
unclassified bacteria class (CPR1) was also detected. Further details regarding 263 
metagenomic and metatranscriptomic read mapping statistics are presented in 264 
Supplementary Data. Phylogenetic analysis showed that MAGs AMX1 and AMX2 265 
were closely related to J. caeni and B. sinica, which shared average nucleotide 266 
identity values of 99.96% and 99.89% respectively. Circular maps of two draft 267 
genomes (AMX1 and AMX2) aligned to each other are shown in Fig. S1, and the 268 
nucleotide identity between them was 75.93%. 269 
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3.3 Prominent anammox species B. sinica and the gene functional potential with 270 
acetate addition 271 
  The bacterial relative abundance and gene expression levels were calculated using 272 
the transcripts per million (TPM) value (Moitinho-Silva et al., 2017). Anammox 273 
bacteria were highly enriched in the consortia, comprising approximately 55% of the 274 
whole community (Fig. S2). The six abundant species were J. caeni (AMX1 ~51%), 275 
Rhodocyclaceae (PRO1 ~20%), Cyanobacteria (CYA1 ~8%), Anaerolineae (CFX3 276 
~6%), B. sinica (AMX2 ~5%) and Anaerolineae (CFX2 ~2%). Gene expression 277 
abundance of J. caeni and B. sinica in the autotrophic group were 78.9 ± 2.7 % and 278 
19.3 ± 2.6 % respectively, while these were 73.9 ± 4.9 % and 23.3 ± 4.5 %, 279 
respectively, in the mixotrophic groups. Interestingly, PRO1 was the only species 280 
whose gene expression abundance was significantly higher in the mixotrophic group 281 
compared to that in the autotrophic group (p < 0.05 by t-test). 282 
  In order to investigate the overall influences of acetate on J. caeni and B. sinica, 283 
genes with a significantly changed expression were selected and classified according 284 
to cluster orthologous gene (COG) function (Fig. S3). In J. caeni, expressions of a 285 
total of 284 genes were significantly down-regulated upon acetate addition, while 36 286 
up-regulated genes were expressed. The main decreasing COG function observed in J. 287 
caeni was that of [C] energy production and conversion, containing 31 288 
down-regulated genes. On the contrary, acetate greatly facilitated gene expression of 289 
B. sinica and a total of 1234 up-regulated genes were expressed. Abundant, increasing 290 
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COG functions in B. sinica included [C] energy production and conversion (105 291 
significantly up-regulated genes expressed), [E] amino acid transport and metabolism 292 
(81 significantly up-regulated genes expressed) and [J] translation, ribosomal 293 
structure and biogenesis (76 significantly up-regulated genes expressed). 294 
  N-cycle-related functional genes (hdh, hzs, hao, nar, nir and nrf) were found to be 295 
highly expressed in anammox bacteria. By comparing TPM values in J. caeni and B. 296 
sinica, between the autotrophic and mixotrophic groups, it was observed that 297 
transcription level of nrfA for DNRA function in B. sinica was significantly 298 
up-regulated in the presence of acetate (fold change = 1.79, p < 0.01), but no 299 
significant difference of nrfA expression was found in J. caeni (fold change = 0.95, 300 
p > 0.05). TPM values of nrfA in B. sinica was 6363–14565, which was higher than 301 
that in J. caeni (TPM value = 208–231) by nearly 1 to 2 orders of magnitude. No 302 
significant difference was found between the expression levels of other functional 303 
genes mentioned above, in the anammox bacteria of the two groups. Denitrification 304 
genes, including narG, narZ, nxrA, nirS, nosZ and napA, were detected in bacteria of 305 
the anammox consortia. Genes expression of narG, narZ, nxrA in CFX2 (fold change 306 
= 2.11, p < 0.05 by t-test), nirS in CFX3 (fold change = 5.06, p < 0.01 by t-test), nosZ 307 
in CYA1 (fold change = 3.72, p < 0.01 by t-test) and napA in PRO1 (fold change = 308 
2.11, p < 0.05 by t-test) were stimulated by acetate. 309 
  Importantly, genes involved in acetate transformation were selected to analyze 310 
acetate metabolism by anammox consortia. Acetate was transformed mainly through 311 
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three distinct routes (Fig. 3). The first route involved two types of acetyl-CoA 312 
synthetases (Acs), AMP-forming Acs (AMP-Acs) (EC 6.2.1.1) and ADP-forming Acs 313 
(ADP-Acs) (EC 6.2.1.13), which could catalyze acetate to form acetyl-CoA. AMP-acs 314 
expression level was up-regulated significantly with acetate addition in B. sinica (fold 315 
change = 1.78, p < 0.01 by t-test) and PRO1 (fold change = 5.93, p < 0.05 by t-test). 316 
Comparative genome analysis indicated that a response regulator, atoC was located 317 
up-stream of AMP-acs in B. sinica, but none was found in the proximity of AMP-acs 318 
in J. caeni (Fig. S4). Expression of atoC in B. sinica was significantly up-regulated 319 
with acetate addition (fold change = 1.92, p < 0.05 by t-test), but it did not change 320 
significantly in J. caeni. cAMP receptor protein (CRP), which encodes acs 321 
transcription factor, was found in B. sinica and was up-regulated with acetate addition 322 
(fold change = 2.02, p < 0.01 by t-test), but it was missing in J. caeni. The second 323 
route is composed of aldehyde dehydrogenase (ALDH, EC 1.2.1.3) catalyzing the 324 
reversible reaction of acetate to acetaldehyde. This gene was detected in B. sinica, J. 325 
caeni, CFX2, CFX3 and CYA1, but was found expressing more only in CFX3 with 326 
acetate addition (fold change = 2.15, p < 0.05 by t-test). The third route was 327 
dependent on acetate kinase (AckA, EC 2.7.2.1) and D-xylulose-5-phosphate 328 
phosphoketolase (Xfp, EC 4.1.2.9), and termed AckA-Xfp pathway. The first step was 329 
the transformation of acetate to acetyl phosphate. Gene ackA only existed in B. sinica 330 
and PRO1. Acetyl phosphate in B. sinica could be further transformed to D-Xylulose 331 
5-phosphate, catalyzed by Xfp. Thus, acetate metabolism pathways in B. sinica were 332 
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more versatile than those in J. caeni. 333 
3.4 Strengthened amino acid cross-feeding in anammox consortia with acetate 334 
  Previous studies indicate that amino acid exchange occurs in microbial 335 
communities, as a type of important inter-species interaction (Embree et al., 2015; 336 
Lawson et al., 2017). Therefore, the effect of acetate on amino acid exchange in 337 
anammox community was investigated. Expression levels of 20 amino acid synthetic 338 
and degradation pathways in six abundant bacteria are shown (Fig. 4 (a) and (b)). 339 
Among six abundant bacteria species, only PRO1 had intact synthetic pathways of all 340 
20 amino acids. Interestingly, TPM values of many amino acids synthetic pathways 341 
were significantly increased with acetate addition (p < 0.05), especially for PRO1 and 342 
B. sinica. For CFX2, amino acids tryptophan (Trp), phenylalanine (Phe), histidine 343 
(His), lysine (Lys) and arginine (Arg) could not be synthesized independently, but 344 
their degradation pathways were found in the genome, and the expression of Lys and 345 
Arg degradation pathways were significantly up-regulated in CFX2 with acetate 346 
addition (fold change (Lys) = 1.78, fold change (Arg) = 1.55). Meanwhile, the 347 
synthetic pathways of Lys and Arg were significantly up-regulated in PRO1 and B. 348 
sinica in the presence of acetate (Fig. 4(a)). For CYA1, synthetic pathways of amino 349 
acids Trp, Tyr, His, methionine (Met), proline (Pro) and serine (Ser) were lacking, but 350 
degradation pathways of these amino acids were found in the genome, and the 351 
expression of Trp, Tyr and Met degradation pathways were up-regulated significantly, 352 
with fold changes of 2.48, 1.82 and 1.96, respectively. Genes encoding extracellular, 353 
18 
 
outer membrane and periplasmic peptidase involved in extracellular protein 354 
degradation, except the periplasmic peptidase of AMX1 and extracellular peptidase of 355 
PRO1, were detected in all six abundant bacteria in the community (Fig. 4(d)). The 356 
total expression of these peptidase genes were significantly up-regulated in CFX2, 357 
PRO1 and B. sinica (p < 0.05). Genes involved in amino acid and oligopeptide 358 
transport system were also detected (Fig. 4(e)), and the genes expression levels were 359 
significantly promoted by acetate in CFX2, CYA1 and PRO1 (p < 0.05). 360 
  Metabolomic analysis was conducted to evaluate metabolites contents of the whole 361 
consortia. A total of 18 amino acids were detected (Fig. S5), and 10 amino acids 362 
including Met and isoleucine (Ile), were up-regulated significantly with acetate 363 
addition, which corresponded to the gene expression profile in the consortia. 364 
3.5 Strengthened vitamin cross-feeding in anammox consortia with acetate 365 
  It has been reported that some heterotrophic bacteria in anammox consortia lacked 366 
key genes to synthesize B-vitamin (Lawson et al., 2017), which were confirmed in 367 
this study. Key genes for thiamine (vitamin B1) synthesis (hydroxymethylpyrimidine/ 368 
phosphomethylpyrimidine kinase etc.) and biotin (vitamin B7) synthesis (biotin 369 
synthase etc.) were missing in the CFX2, CFX3 and CYA1 genomes, while J. caeni, B. 370 
sinica and PRO1 had intact vitamin B1 and vitamin B7 synthetic pathways (Fig. 4(c)). 371 
For the vitamin B1 synthetic pathway in the autotrophic group, TPM values were 372 
420.3 ± 46.9, 294.7 ± 71.5 and 2.5 ± 0.2 in J. caeni, B. sinica and PRO1, respectively. 373 
In the mixotrophic group, TPM value of vitamin B1 synthetic pathway of B. sinica 374 
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was 548.0 ± 81.6, even higher than that of J. caeni (345.8 ± 57.6). Therefore, acetate 375 
significantly promoted the expression of genes involved in vitamin B1 synthetic 376 
pathways in B. sinica and PRO1 (p < 0.05). In regard to vitamin B7 synthesis, acetate 377 
significantly promoted the expression of key genes such as 378 
adenosylmethionine-8-amino-7-oxononanoate aminotransferase (EC 2.6.1.62) in B. 379 
sinica and PRO1 (p < 0.05). Additionally, intact vitamin B12 synthetic pathways were 380 
only found in B. sinica and PRO1, where their relative expressions were significantly 381 
up-regulated with the addition of acetate (p < 0.05). 382 
4. Discussion 383 
4.1 Metagenomics analysis indicates different acetate metabolic pathways in B. 384 
sinica and J. caeni 385 
  Since anammox bacteria are able to use acetate rather than glucose, methanol, and 386 
alcohol as carbon source (Du et al., 2017; Güven et al., 2005), and acetate is one of 387 
the widest external carbon sources for denitrification at wastewater treatments (Du et 388 
al., 2017; Gong et al., 2013), many studies have focused on the use of acetate by 389 
anammox bacteria. The leading hypothesis contends that acetate or other fatty acids 390 
may be oxidized by nitrate (electron acceptor), where nitrate is then possibly reduced 391 
via the DNRA pathway (Guven et al., 2005; Kartal et al., 2007a, 2007b). Based on 392 
δ
13
C values of lipids and substrates, it was speculated that acetate was not directly 393 
incorporated into the biomass, but first degraded into CO2 and then fixed via the 394 
acetyl-CoA pathway (Kartal et al., 2008). In fact, it is reported that different anammox 395 
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consortia may behave discrepantly under acetate stress (Huang et al., 2014; Kartal et 396 
al., 2008). Therefore, it may be helpful to explore potential discrepancies in gene 397 
expression among different anammox species during the acetate oxidation process. 398 
  Based on metagenomics and metatranscriptomics analysis, we discovered three 399 
distinct routes for acetate transformation in anammox bacteria. Considering that 400 
anammox bacteria had the highest abundance and highest expression levels of genes 401 
related with acetate metabolism (Fig. 3 and Supplementary Data), the acetate was 402 
mainly metabolized by anammox bacteria rather than denitrifying bacteria. Compared 403 
to J. caeni, B. sinica was more capable of acetate and acetyl-CoA transformation, and 404 
acetate metabolic pathways of B. sinica were more versatile, conferring a competitive 405 
advantage to B. sinica in a mixotrophic environment. Acetyl-CoA pathway is a 406 
common route for acetate transformation in bacteria (Krivoruchko et al., 2015). Both 407 
B. sinica and J. caeni possess AMP-Acs and ADP-Acs. Both these enzymes are 408 
capable of catalyzing acetate into acetyl-CoA, but via different mechanisms, as 409 
ADP-Acs catalyzes the synthesis of acetyl-CoA from acetate in a single step, while 410 
AMP-Acs synthesizes it in two steps (Starai and Escalante-Semerena, 2004). And the 411 
AMP-Acs route is a high affinity pathway, as the Km for acetate was 200 μM and the 412 
reaction occurs at a low acetate concentration (Krivoruchko et al., 2015). 413 
Discrepancies in AMP-acs between the two anammox bacteria may be one significant 414 
reason for their response to acetate being different. First, the TPM values of AMP-acs 415 
in B. sinica (1629.8–2020.9) were almost an order of magnitude higher than that in J. 416 
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caeni (126.0–206.0) (Fig. 3), indicating more acetate might be transformed by B. 417 
sinica via this pathway. Secondly, the expression level of AMP-acs was significantly 418 
up-regulated in B. sinica in the presence of acetate; whereas the presence of acetate 419 
did not change the AMP-acs expression of J. caeni, demonstrating that AMP-acs 420 
regulation in B. sinica was more sensitive to acetate than in J. caeni. Thus, it may be 421 
suggested that more acetyl-CoA was generated from acetate. Acetyl-CoA plays a 422 
central role in cellular metabolism, serving as a crucial precursor of many metabolites 423 
such as fatty acids and vitamins, and participating in the TCA cycle, which is 424 
associated with the synthesis of amino acids, nucleotide bases and porphyrins 425 
(Krivoruchko et al., 2015). Therefore, we postulate that acetate may directly regulate 426 
the acetyl-CoA pathway, which then further influences other metabolic processes in 427 
the anammox bacteria.  428 
  Additionally, there may be three acetate metabolic pathways in B. sinica, compared 429 
to only two in J. caeni. The route which is present in B. sinica was the AckA-Xfp 430 
pathway, which has been reported in bacteria as well as in fungi (Ingram-Smith et al., 431 
2006). Although TPM values of genes in B. sinica involved in AckA-Xfp pathway did 432 
not change significantly with the addition of acetate, this pathway may also contribute 433 
to acetate consumption of B. sinica. Therefore, B. sinica may be more adapted to a 434 
mixotrophic lifestyle than J. caeni. Of course, the roles of ALDH and AckA-Xfp 435 
pathways in anammox bacteria in metabolizing other kinds of organic carbons should 436 
be further investigated. 437 
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4.2 J. caeni and B. sinica display different acetate regulatory mechanisms  438 
  Discrepancies in genome structure and gene content between B. sinica and J. caeni 439 
may lead to differences in gene transcription in response to environmental stimuli. 440 
AtoC belongs to the NtrC family, and plays a positive role in regulating the uptake of 441 
short-chain fatty acids (Rhie and Dennis, 1995). Although both B. sinica and J. caeni 442 
contain atoC, it is located near AMP-acs and significantly up-regulated with the 443 
addition of acetate in B. sinica, which may have a facilitating effect on AMP-acs 444 
expression (Van de Vossenberg et al., 2013). Even further, AMP-acs regulatory 445 
mechanism is a complex system, where CRP is an important factor, that may activate 446 
the major acs promoter, acsP2 (Starai and Escalante-Semerena, 2004; Wolfe, 2005). 447 
The process of acetate metabolism in B. sinica is likely regulated by CRP, and a lack 448 
of CRP may affect the acetate uptake process of J. caeni. It was reported that the 449 
expression of N-cycle related functional genes in the anammox consortia may also be 450 
affected by organics (Shu et al., 2015). In our study, nrfA expression was significantly 451 
up-regulated in B. sinica with acetate addition, suggesting that the DNRA process was 452 
promoted, which was consistent with the results of batch tests. It has been found that 453 
nrfA expression may also be regulated by CRP in Shewanella (Dong et al., 2012). 454 
Therefore, CRP may play an important role in mixotrophic and nitrogen metabolism 455 
of B. sinica, and its contribution in nitrogen removal needs to be further explored in 456 
sewage treatment. The expression levels of functional genes involved in the anammox 457 
process, such as hzs, hdh, and nxrA, were not affected significantly by acetate in the 458 
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anammox consortia. It may be due to the fact the experimental period was too brief 459 
for these genes to exhibit significantly different expression levels between autotrophic 460 
and mixotrophic groups, as the expression levels of these genes were depended on the 461 
growth rate of anammox bacteria (Klumpp and Hwa 2014; Park et al., 2010). 462 
Meanwhile, since expression levels of nitrogen metabolism genes were consistent 463 
with the substrate concentrations (Wang et al., 2016), the similar expression levels of 464 
these genes in control and experiment groups could also be caused by the same 465 
nitrogen concentrations in these two groups. 466 
  Overall, COG functions analysis of integrated changes of gene expression indicated 467 
that B. sinica was more competitive than J. caeni with acetate addition. The process 468 
of [C] energy production and conversion was most affected in both J. caeni and B. 469 
sinica, where more specifically, it was inhibited in J. caeni and promoted in B. sinica. 470 
This may be directly reflected in the metabolic activity of these bacteria. Many genes 471 
belonging to COG function [O], posttranslational modification, protein turnover, and 472 
chaperones, were up-regulated in J. caeni, indicating that the mixotrophic culture was 473 
not appropriate, and needed to cope with acetate stress. As for B. sinica, expressions 474 
of more than 70 genes of COG function [J], translation, ribosomal structure, and 475 
biogenesis, were up-regulated, indicating that acetate favorably induced reproduction 476 
and growth of B. sinica. Therefore, B. sinica was more competitive than J. caeni 477 
bacteria under mixotrophic conditions, which was in accordance with previous studies 478 
(Feng et al., 2018; Kartal et al., 2008). 479 
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4.3 Role of acetate in regulating metabolic cross-feedings between B. sinica and 480 
heterotrophs in order to conserve metabolic energy 481 
  Since an anammox consortium is a complex microbial community, interactions 482 
between anammox bacteria and other heterotrophic bacteria should not be neglected 483 
when analyzing community functions. In this study, we detected that a variety of 484 
heterotrophs were present in the anammox consortia, including Chloroflexi bacterium 485 
(CFX2), Anaerolineae bacterium (CFX3), Rhodocyclaceae bacterium (PRO1) and 486 
Cyanobacteria (CYA1) among others. As acetate could be used by both anammox 487 
bacteria and heterotrophs, microbial competition for substrate would be introduced by 488 
acetate (Cao et al., 2017; Huang et al., 2014). Here, we mainly focused on metabolic 489 
exchanges between anammox bacteria and heterotrophs (Fig. 5). Firstly, expression 490 
levels of the denitrification genes in CFX2, CFX3, CYA1 and PRO1, mentioned 491 
above, were up-regulated with the addition of acetate. Meanwhile, the expression of 492 
nrfA in B. sinica was enhanced significantly when adding acetate, indicating more 493 
NO3
-
-N may be consumed through the DNRA process in B. sinica. Thus, acetate 494 
could enhance the nitrogen cycle, and further improve the nitrogen removal rate, 495 
which has been confirmed in the long-term reactor operation process (Feng et al., 496 
2018). 497 
  Amino acids cross-feeding between B. sinica and heterotrophs in anammox 498 
community could also be promoted by acetate addition, contributing to metabolic 499 
energy cost saving of the whole community (Pande et al., 2014). Metatranscriptomics 500 
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analysis of gene expression profile in each abundant bacterial species, indicates that 501 
heterotrophs, such as Chloroflexi bacteria (CFX2, CFX3), may be able to degrade the 502 
extracellular peptides excreted by anammox bacteria. We detected that peptidase and 503 
amino acid transporters were located in the extracellular region, the membrane or in 504 
the periplasm of heterotrophic bacteria. Parts of the amino acid synthetic pathway, 505 
especially those with a high biosynthetic cost, were lacking in some bacteria. Thus, 506 
they could obtain the required amino acids directly from anammox bacteria or others 507 
by degrading EPS. Although the dominant heterotrophs in anammox consortia were 508 
different than the Chlorobi bacteria in the previous study (Lawson et al., 2017), their 509 
ecological role and function in the community appears to be similar. Amino acid 510 
exchange is a type of metabolic cross-feeding, regarded as an evolutionarily 511 
optimizing strategy which aids in reducing the bacterial metabolic burden (Mee et al., 512 
2014). In this study, induced by high expression level of AMP-acs, B. sinica may 513 
synthesize more acetyl-CoA from acetate, which could further facilitate amino acids 514 
production (Krivoruchko et al., 2015). Our results also indicated that the expression 515 
levels of certain amino acid synthetic pathways were up-regulated significantly in B. 516 
sinica, such as synthetic pathways of Lys and Arg. Therefore, acetate may enhance 517 
metabolic cross-feeding between B. sinica and heterotrophs. A more active, but costly, 518 
amino acid cross-feeding may result in more energy being saved for use in increasing 519 
the biomass (Guo et al., 2018). 520 
  Besides, B-vitamin metabolic exchange between B. sinica and heterotrophs in 521 
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anammox consortia could also be enhanced by acetate addition, helping to conserve 522 
energy by reducing metabolic energy costs. Synthetic pathway integrity and TPM 523 
values indicate that B. sinica and J. caeni may act as the main suppliers of vitamin B1 524 
and vitamin B7 to other members of the community. B. sinica also had intact vitamin 525 
B12 synthetic pathways so that vitamin B12 might be supplied by B. sinica. As 526 
acetyl-CoA is precursor of vitamins, acetate might promote B-vitamin synthesis in B. 527 
sinica via up-regulating synthesis of acetyl-CoA, and may facilitate the B-vitamin 528 
exchange process in the community (Krivoruchko et al., 2015). B-vitamins are a large 529 
group of cofactors, which are essential for the metabolism and growth of all microbes 530 
(Jaehme and Slotboom, 2015). However, the cost of their synthesis is high. Therefore, 531 
sharing of B-vitamins or their precursors between community members may help to 532 
reduce metabolic energy costs, which may be accomplished via acetate addition 533 
(Romine et al., 2017). 534 
5. Conclusions 535 
  In this study, discrepant responses of anammox species J. caeni and B. sinica, and 536 
metabolic interactions within anammox consortia, in response to acetate addition were 537 
investigated. According to COG functions analysis, B. sinica was more competitive 538 
than J. caeni when adding acetate. B. sinica exhibited superiority in metabolic activity 539 
and growth compared to J. caeni, due to the up-regulation of numerous genes that act 540 
on metabolic processes. Three acetate metabolic pathways were found in B. sinica, 541 
including acetyl-CoA pathway, ALDH pathway and AckA-Xfp pathway, but only the 542 
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first two were observed in J. caeni. Discrepancies in the acetate metabolic pathways 543 
and AMP-acs expression regulated by CRP, which exist between two anammox 544 
species, may result in different responses to acetate. Importantly, metabolic 545 
cross-feeding, including the nitrogen cycle, amino acid cross-feeding and B-vitamin 546 
metabolic exchange were enhanced, especially between B. sinica and other 547 
heterotrophs, with acetate addition, contributing to a reduction in metabolic energy 548 
cost to the whole community, in addition to improving nitrogen removal rates of the 549 
anammox consortia. 550 
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Table and figures 768 
Table 1 Genome statistics of 14 draft metagenome-assembled genomes recovered from the anammox community. 769 
















Bacteria; Planctomycetes; Planctomycetia; 
Planctomycetales; Planctomycetaceae; Jettenia 
93 3 3,667,307 88 64,658 40.0 3,120 
AMX2 
Bacteria; Planctomycetes; Planctomycetia; 
Planctomycetales; Planctomycetaceae; Brocadia 
98 2 3,912,452 92 73,161 42.3 3,488 
PLA1 Bacteria; Planctomycetes 94 7 4,191,635 132 55,477 63.5 3,592 
PLA2 Bacteria; Planctomycetes 98 2 4,212,226 64 97,350 65.6 3,367 
CFX1 Bacteria; Chloroflexi; Anaerolineae 98 5 10,306,408 689 28,785 55.1 9,340 
CFX2 Bacteria; Chloroflexi 89 3 3,596,698 250 24,529 56.9 3,451 
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CFX3 Bacteria; Chloroflexi; Anaerolineae 94 1 3,418,579 52 106,613 60.2 3,228 
CFX4 Bacteria; Chloroflexi 97 5 4,405,196 173 48,484 56.5 4,195 
CFX5 Bacteria; Chloroflexi 99 2 5,283,747 22 384,718 51.2 4,504 
PRO1 Bacteria; Proteobacteria; Betaproteobacteria 95 1 3,183,021 96 79,901 66.5 3,346 
PRO2 Bacteria; Proteobacteria; Alphaproteobacteria 78 3 2,465,431 337 9,252 66.3 2,696 
PRO3 Bacteria; Proteobacteria; Gammaproteobacteria 84 1 2,290,772 67 42,710 68.3 2,187 
CYA1 Bacteria; Cyanobacteria 79 0 2,542,560 13 241,538 68.7 2,184 




Figure 1 Concentrations of (a) NH4
+
-N, (b) NO2ˉ-N, (c) NO3ˉ-N in autotrophic and 771 
mixotrophic groups in batch tests, and (d) concentration of COD in mixotrophic group. 772 
Error bars are defined as s.e.m. (n = 3, biological replicates). * represents p < 0.05 by 773 





Figure 2 Phylogenetic tree of all recovered draft genomes from the anammox 777 
consortia. Draft metagenome-assembled genomes recovered from this study are 778 
shown in red, and closely related genomes downloaded from the NCBI are shown in 779 
black. GenBank accession numbers of each genome are also presented. Bootstrap 780 





Figure 3 Three main acetate metabolic pathways in anammox consortia. Heatmap 784 
exhibits gene expression profiles (Z score) in autotrophic and mixotrophic. Red 785 




Figure 4 Expression profile of genes involved in amino acids and B-vitamins cross-feedings in anammox consortia. Relative gene expression of 788 
(a) amino acid biosynthetic pathways, (b) amino acid degradation pathways and (c) vitamin B biosynthetic pathways in each species. Color 789 
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intensity represents log2 transformed gene expression level, which was obtained by median TPM values across each pathway. One black dot 790 
represents p < 0.05 by t-test, and two dots represents p < 0.01 by t-test. (d) Peptidases possibly involved in extracellular protein degradation of 791 
each species in autotrophic and mixotrophic anammox consortia. The location of peptidase was predicted using the subcellular localization 792 
predictor (CELLO). (e) Amino acid and oligopeptide transporters of each species in autotrophic and mixotrophic anammox consortia. Count 793 
number was represented by bubble diameter, and gene expression was represented by bubble colour intensity. * represents p < 0.05 by two-tail 794 




Figure 5 Proposed metabolic interactions among J. caeni, B. sinica, Chloroflexi 797 
bacterium (CFX2) and Rhodocyclaceae bacterium (PRO1) in anammox consortia. 798 
